Since its discovery in 1998,^[@ref1]^ RNA interference (RNAi) has been recognized for its potential to control the flow of genetic information. Much effort has been invested in the promise of therapeutic applications of gene silencing, yet the routine use of RNAi for disease treatment or prevention still calls for novel methods of delivery with spatial and temporal control.^[@ref2],[@ref3]^ Current techniques in nucleic acid delivery include viral vectors and lipid vesicles, which have enhanced both biostability and bioavailability.^[@ref3]−[@ref11]^ One of the most difficult hurdles to overcome for RNAi using nonviral vectors is endosomal escape into the cytosol, which is necessary for gene silencing to occur.^[@ref12]−[@ref16]^ siRNA is prevented from reaching the site of action due to encapsulation in endosomes, and eventually the siRNA is vulnerable to degradation enzymes in late endosomes or expelled from the cell by exocytosis.^[@ref12]−[@ref14],[@ref17]−[@ref20]^ The efficacy of siRNA delivery is largely governed by the ease and rapidity of the escape from endolysosomes.^[@ref21]^ We recently developed a highly efficient approach to release siRNA from both the carrier and endosome by using hollow gold nanoshells (HGNs) as carriers and near-infrared (NIR) light as the release activator.^[@ref11],[@ref42]^ The great advantage of using NIR light to induce release is that cells in culture, as well as tissue, blood, and so forth are relatively transparent to 650--900 nm wavelength light, allowing NIR transmission in soft tissues at depths up to 10 cm.^[@ref22],[@ref23]^ Laser illumination at 800 nm resonant with the nanoparticle plasmon triggers the disassembly of the engineered surface-coat, releasing the drug molecules by thermalizing the gold--thiol bond. Escape of the drug from the endosomes occurs by localized cavitation that physically breaches the vesicles' membrane^[@ref11],[@ref24]^ but does not affect the integrity of the cell plasma membrane. Here, we delivered therapeutic siRNA specifically to cancer cells through the use of a cancer-cell specific targeting peptide. Peptides provide advantages over other targeting approaches (e.g., antibodies) due to their small size, synthetic versatility, and cell and tissue specificity.^[@ref25]−[@ref27]^ We targeted the polo-like kinase (PLK1) expressed by the *plk1* gene in prostate cancer cells, critical to centrosome maturation during mitosis, to induce a pro-apoptotic pathway.^[@ref28]^ RNAi-based *plk1 gene* down-regulation forms the basis of phase I/II clinical trials for the treatment of solid tumors.^[@ref29]^ We also improve on HGN delivery of siRNA by developing a more versatile and modular nucleic acid architecture that does not require thiolated RNA, increasing the sequence space that may be explored. These novel architectural features are likely to have significant impact on the biomedical use of nanoparticles and RNAi for spatially patterned or cell selective gene expression.

Assembly and Characterization of the Delivery Vehicle {#sec1.1}
=====================================================

We designed a scheme for attaching peptides to the outside of a thiolated nucleic acid monolayer that can be expanded to include a variety of RNA cargo (Figure [1](#fig1){ref-type="fig"}B). Multiple copies of siRNA against *plk1* were conjugated to the surface of the ∼50 nm HGN either directly or supported by a single strand DNA linker through a quasi-covalent (Au--S) bond, simultaneously maximizing drug content, stability, and linkers for multivalent presentation of peptides (Figure [1](#fig1){ref-type="fig"}B). We employed a peptide following the C-end rule (CendR), RPARPAR (RP),^[@ref30]^ that binds specifically to the neuropilin-1 (NRP-1) receptor overexpressed by certain types of cancer cells. The siRNA and RP coated HGNs internalize into endosomes (Figure [1](#fig1){ref-type="fig"}C). Upon pulsed NIR laser irradiation, the Au--S bond linking the siRNA to the HGN surface is ablated while the conversion of light energy to heat produces a transient vapor bubble that ruptures the endosome without damaging the siRNA or the cell, releasing the cargo into the cytosol (Figure [1](#fig1){ref-type="fig"}C). This combination of steps results in highly efficient transfer of siRNA with specificity from the both the targeting peptide and the laser irradiation to ensure RNAi function occurs only in the doubly targeted cells (see below).

![HGN-siRNA-RP. Hollow gold nanoshell (HGN)-siRNA-targeting peptide (RP) architecture with original or modular design and schematic of nanoparticle uptake, laser-activated siRNA delivery pathway in PPC-1 cells. (A) Transmission electron microscopy image of HGN showing the hollow center surrounded by a higher contrast rim. (B) Schematic of the original HGN-SD-RP architecture and second-generation architecture for modular HGN-LD-RP to achieve versatile siRNA assembly. A fluorescein fluorescent label is added to both SD and LD to help quantify delivery. (C) Schematic of nanoparticle uptake and laser-activated siRNA delivery pathway. Endocytosis is promoted by the RP, RPARPAR. Femtosecond pulses of near-IR light separate the nucleic acids (either "short" duplex (SD) or "long" duplex (LD) in B) from the HGN at the Au--S bond, followed by vapor bubble formation as the light energy is converted to heat. The vapor bubbles burst the endosome, releasing the siRNA to the cytosol, allowing for gene silencing.](nl-2014-00214e_0001){#fig1}

To prepare the siRNA functionalized nanoparticles (HGN-SD-RP, Figure [1](#fig1){ref-type="fig"}B) for gene knockdown, siRNA sense strands containing 5′ thiol modifications were assembled onto the citrate-passivated HGN surface using a low pH-induced self-assembly method.^[@ref34]^ RNA strands were added to HGNs in low pH (3.0) sodium citrate buffer to neutralize the negatively charged phosphate backbone and maximize the assembly rate. Antisense RNA strands were then hybridized to the sense RNAs, resulting in ∼2300 ± 600 siRNA duplexes per particle ([Supporting Information](#notes-1){ref-type="notes"} Figures S2A and S3). The residual HGN surface was then passivated with thiol-polyethylene glycol (PEG)-amine (3 kDa) and 6-mercapto-1-hexanol (MCH). The RP peptide, carrying a fluorescein dye (FAM) for tracking and characterization as well as a cysteine for conjugation, was incorporated to the HGN-siRNA via short PEG linkers to bridge the amine on the 3′ sense strand and the thiol (cysteine) on the peptide to enable cancer cell-specific targeting ([Supporting Information](#notes-1){ref-type="notes"} Figure S2A). Initially the citrate HGN showed a resonance at ∼710 nm, which red-shifted to ∼810 nm as the layers were assembled ([Supporting Information](#notes-1){ref-type="notes"} Figure S2C).

Irradiation of the final product HGN-SD-RP with pulsed laser light (1 kHz repetition rate, ∼120 fs pulse length) at 800 nm at a laser power density of 2.4 W/cm^2^ for 10 s released ∼85% of total siRNA ([Supporting Information](#notes-1){ref-type="notes"} Figure S5A, 100% release achieved by HGN dissolution using KCN). The absorbed energy caused the Au--S bonds to be cleaved by hot electrons and the subsequent heating of the Au lattice.^[@ref11],[@ref35]^ Importantly, the siRNA remained hybridized and biochemically active after the laser release ([Supporting Information](#notes-1){ref-type="notes"} Figure S5B).

Endosomal Escape of siRNA {#sec1.2}
=========================

The down-regulation effect of *plk1*-siRNA released from HGNs was tested using the epithelial prostate cancer cell line PPC-1, which overexpresses the NRP-1 receptor targeted by the RP peptide. Western blot and cell viability assays were used to assess and quantify down-regulation of *plk1* (Figure [2](#fig2){ref-type="fig"}). Irradiation with the femtosecond-pulsed NIR laser (2.4 W/cm^2^ for 10 s) of cells exposed to HGN-SD-RP led to 70% loss of cell viability at 72 h (Figure [2](#fig2){ref-type="fig"}A, sample H), similar to the effect of unconjugated siRNA transfected using commercial Lipofectamine RNAiMAX (Lipo). The Lipo treatment required ∼13 fold more siRNA (0.37 nM siRNA compared with 5 nM siRNA for 5000 cells) (Figure [2](#fig2){ref-type="fig"}A, sample G). Like other nanoparticle approaches that also require considerably more siRNA, Lipo lacks an efficient escape mechanism from endosomes. Cells exposed to the same laser conditions in the absence of HGN-SD-RP showed no loss of viability (Figure [2](#fig2){ref-type="fig"}A, sample B). HGN-siRNA-Q-RP (where Q indicates Quasar570 dye, placed here on 5′ antisense RNA, which blocked siRNA activity against *plk1*, [Supporting Information](#notes-1){ref-type="notes"} Figure S6) and HGN-dsDNA25bp-RP (loaded nonfunctional dsDNA in place of the siRNA) were employed as negative controls and were also used to test whether the local heating caused by NIR laser irradiation in the presence of HGNs, induced cellular damage (Figure [2](#fig2){ref-type="fig"}A, samples E,F). The targeting peptide was necessary for the internalization of nanoparticles into PPC-1 cells, as laser treatment of cells exposed to HGN-siRNA without RP did not show any knockdown or cell death (Figure [2](#fig2){ref-type="fig"}A, sample C). Figure [2](#fig2){ref-type="fig"}A shows that the HGN-SD-RP was the only construct to cause significant loss of cell viability upon laser exposure. Cells exposed to HGN-SD-RP but not to the NIR laser showed no effect, demonstrating that laser irradiation was required to activate the biological response in the cells, providing for both spatial and temporal control of knockdown.^[@ref11]^ The minimum laser exposure power and time for effective siRNA release in cells was 2.4 W/cm^2^ for 10 s ([Supporting Information](#notes-1){ref-type="notes"} Figure S7). Western blot analysis confirmed the down-regulated *plk1* expression level in PPC-1 cells treated with HGN-SD-RP and NIR laser after 48 and 72 h. We observed a ∼60--70% decrease of the PLK1/β-actin band intensity in Figure [2](#fig2){ref-type="fig"}B for lanes G and H compared to untreated cells (lane A) and to cells carrying HGN-SD-RP but not irradiated by the laser (lane D). This result likely underestimated the knockdown, as only live cells were used for the Western analysis.

![Functional *plk1*-siRNA released from HGN-SD-RP by NIR-laser (2.4 W/cm^2^ for 10 s) leads to loss of PPC-1 cell viability and down-regulation of PLK1 protein levels. (A) NIR-laser treatment of PPC-1 cells having internalized HGN-SD-RP (H) causes a significant decrease of cell viability similar to the effect of lipofectamine (G) but at much lower RNAi concentration. A series of controls (defined in the text) are shown in the table underneath the growth curve. \*\*\*, *p* \< 0.001; ns, not significant. (B) Western blot analysis showing knockdown of *plk1* gene expression in PPC-1 cells. Red boxes highlight the down-regulated expression of *plk1* in cells with laser-released siRNA from HGN-SD-RP. The column graph underneath shows the band intensity ratio of PLK1 to β-actin in Western blot image. The HGN-SD-RP provided the similar level of *plk1* knockdown as lipofectamine.](nl-2014-00214e_0002){#fig2}

FAM-labeled HGN-SD-RP was readily internalized into PPC-1 cells (Figure [3](#fig3){ref-type="fig"}A). The siRNA release was assessed using both fluorescence confocal microscopy and flow cytometry. The FAM label on the HGN-SD-RP is ∼50% quenched at distances of ∼10 nm or less from the gold; when the SD-RP is released by the laser, the fluorescence roughly doubles in intensity.^[@ref36]^ Femtosecond pulsed laser irradiation caused both a significant increase and expansion of FAM fluorescence (from individual puncta to more uniform, diffuse) in the cytosol of each cell, indicative of the release of siRNA-RP in individual cells as shown by confocal microscopy (Figure [3](#fig3){ref-type="fig"}A--C). Regions of interest were selected, enclosing either single cells (Regions 2, 3, and 4 in Figure [3](#fig3){ref-type="fig"}A,B) or the glass slide background (Region Blank 1) to conduct pixel intensity analysis (Figure [3](#fig3){ref-type="fig"}D). Forty to sixty percent of the pixels in cells showed greater than 1-fold increase in intensity, whereas almost 100% of the pixels in the Blank 1 region showed no fluorescence increase (ratio ∼ 1) following laser treatment. Flow cytometry showed an increase in average intensity (Figure [3](#fig3){ref-type="fig"}E). We noted that ∼30% of the PPC-1 cell population after HGN-SD-RP internalization showed a significant fluorescence signal, defined by being above the brightest 1% of the unlabeled control cells. The percentage increased to ∼70% after laser irradiation (Figure [3](#fig3){ref-type="fig"}E) due to a 2.5-fold increase in mean cell intensity that was consistent with maximal release of the SD-RP from the HGN. This also suggests that at least 70% of the cells efficiently internalized HGN-SD-RP.

![NIR laser-activated release of siRNA from HGN-SD-RP in PPC-1 cells demonstrated by confocal fluorescence microscopy and flow cytometry. (A) Fluorescence microscopy (FAM channel) of HGN-SD-RP taken up by PPC-1 cells. HGNs are recognizable as bright dots associated with each cell mostly collecting around the perinuclear area. (B) The same area of the cell monolayer shown in (A) after NIR pulsed laser irradiation efficiently releases HGN cargo. (C) Difference map of (A,B). Prelaser and postlaser images are overlaid and color scale chosen such that purple indicates an increase, green a decrease, and gray scale no change in pixel intensity. Scale bar is 50 μm. (D) Fluorescence intensity ratios of (B) to (A) for pixels in the selected four red regions. Blank 1 is the glass slide background outside the cells. Region 2, 3, and 4 are drawn along the edge of the single cell outline, respectively. Forty to sixty percent of pixels in regions 2, 3, and 4 have greater fold-increase in intensity than Blank 1 (ratio ∼ 1), while the remaining area where pixels show no increase are predominately nuclear regions. The expansion of bright pixels in perinuclear area postlaser suggests endosome release caused by laser irradiation. (E) PPC-1 cells were incubated with HGN-SD-RP then cell fluorescence intensity was assessed by flow cytometry before (red) and after (blue) pulsed NIR-laser treatment compared to fully untreated (no HGN-SD-RP, no laser) PPC-1 (black). Bars indicate the percentage of cells within the range of fluorescence intensity. Approximately seventy percent of the cell population showed a significantly enhanced fluorescence signal after particle internalization and laser release, defined by being above the brightest 1% of the unlabeled control cells.](nl-2014-00214e_0003){#fig3}

The minimum HGN-SD-RP dosage used for efficient siRNA knockdown and cell death ([Supporting Information](#notes-1){ref-type="notes"} Figure S8) was 6.5 pM nanoparticles carrying 15 nM siRNA for 2 × 10^5^ cells (∼4000 nanoparticles per cell). The reported concentration represented the amount of HGN-SD-RP available per cell; the amount internalized was likely lower. Even so, the concentration was orders of magnitude less than other nanoparticle approaches that required 10^6^--10^7^ nanoparticles or more per cell to get effective knockdown of the respective genes.^[@ref31]−[@ref33]^ Meanwhile, the *plk1*-siRNA dosage needed for maximum cell viability loss by this method was ∼10 times less than other reported *plk1*-siRNA delivery methods.^[@ref28],[@ref37]−[@ref41]^ Lower particle and siRNA concentrations likely resulted from the combination of efficient particle internalization due to peptide targeting and endocytosis and efficient siRNA escape from the endosomes via vapor bubble formation and endosome rupture.

Prostate Cancer Cell-Specific Targeting {#sec1.3}
=======================================

Normal human prostate epithelial RWPE-1 cells lack the NRP-1 receptor on the cell surface, resulting in negligible HGN-SD-RP internalization (Figure [4](#fig4){ref-type="fig"}A). By flow cytometry only ∼1% RWPE-1 cells were above threshold fluorescence intensity, compared to 30% of PPC-1, which express NRP-1 (Figure [4](#fig4){ref-type="fig"}B). As expected, there was no down-regulation of *plk1* or loss of cell viability on laser treatment of RWPE-1 cells (Figure [4](#fig4){ref-type="fig"}C). However, RWPE-1 cells were sensitive to *plk1-*siRNA, as shown using the nonselective Lipo transfection of the siRNA construct.

![Targeted delivery of HGN-SD-RP. (A) HGN-SD-RP are internalized into PPC-1 cells but not in RWPE-1. PPC-1 cells show punctate fluorescence from FAM on HGN-SD-RP. RWPE-1 cells exposed to the same concentration of nanoparticles show none. Upper right inset, bright field; scale bars, 50 μm. (B) Flow cytometry assessment of PPC-1 and RWPE-1 cells fluorescence. Control indicates cells only. Cells + Particles indicates cells that were incubated with HGN-SD-RP. Only PPC-1 showed uptake with bars indicating the percent of cells within the range of fluorescence. (C) siRNA delivered to RWPE-1 cells by Lipo induces decreased viability, indicating susceptibility to *plk1* knockdown. RWPE-1 cells incubated with HGN-SD-RP following laser irradiation do not show any decrease in viability compared to untreated controls, likely due to lack of HGN-SD-RP internalization. Cells were plated into 96-well plates for cell viability assay at 24, 48, and 72 h post laser release.](nl-2014-00214e_0004){#fig4}

Modular RNA Assembly {#sec1.4}
====================

The HGN-SD-RP (Figure [1](#fig1){ref-type="fig"}B) relies on a thiolated RNA to attach to the SD-RP to the HGN, similar to other nanoparticle-based approaches.^[@ref11],[@ref31]−[@ref33]^ After validating the release efficiency, the targeting peptide specificity, and the siRNA function in knocking down *plk1* expression, we created a new tethering molecule that could integrate all the above functionalities into a versatile modular architecture with greater flexibility toward delivering an generic siRNA cargo (HGN-LD-RP, Figure [1](#fig1){ref-type="fig"}B) with the possibility of other peptide targeting sequences. Our goal was to develop a universal HGN-DNA assembly requiring only the addition of nonmodified (less expensive and more readily available) RNA. An anchoring thiol-DNA-amine strand was assembled on the HGN and later conjugated to the targeting peptide, as a replacement for the anchoring by thiol-RNA-amine. This core module was hybridized to a siRNA precursor designed with an overhang on its antisense strand complementary to the anchor sequence (OHRNA) (Figure [1](#fig1){ref-type="fig"}B). We tested a variety of siRNA orientations and dye labels and positions keeping a constant OHRNA sequence ([Supporting Information](#notes-1){ref-type="notes"} Figure S6A, structures E--G).

We compared the gene knockdown activity of the various combinations to conventional lipofectamine transfections. The 50 bp DNA-RNA "long" duplex (LD) was nearly as effective as the short siRNA ([Supporting Information](#notes-1){ref-type="notes"} Figure S6B). Fluorescence-based quantification after KCN release of HGN-LD-RP showed that the number of larger LD strands per particle was ∼60% of the number of the smaller HGN-SD-RP strands ([Supporting Information](#notes-1){ref-type="notes"} Figure S4). The down-regulation activity of the HGN-LD-RP was assessed on PPC-1 cells as with the HGN-SD-RP siRNA system. Cell exposure to the laser at 2.4 W/cm^2^ for 10 s resulted in 46% reduction of cell viability at 72 h in comparison with 70% from the HGN-SD-RP and from the same LD construct transfected by Lipo (Figure [5](#fig5){ref-type="fig"}B). Cell uptake efficiency and cargo release were also evaluated by flow cytometry. Approximately 19% of the PPC-1 cells incubated with HGN-LD-RP show fluorescence intensity above threshold before laser irradiation. The percentage increased to ∼34% after laser treatment (Figure [5](#fig5){ref-type="fig"}A). This suggests that although the LD construct retains the cell targeting ability, improvements may be necessary to increase the efficiency of cell uptake by modifying the peptide conjugation strategy, optimizing the overhang sequence, or tuning the hybridization conditions to increase the cargo density.

![Cell uptake and knockdown efficiency assessment of the nanocarrier with new modular design (HGN-LD-RP). (A) HGN-LD-RP internalization detected by flow cytometry analysis of PPC-1 cells after incubation with HGN-LD-RP and laser treatment, as shown by the shift of the FAM intensity peak from the cell only control. Release is indicated by the intensity shift (compare blue and red). Bars indicate the percent of cells within the range of fluorescence intensity. (B) PPC-1 cell viability assay 72 h after laser treatment (2.4 W/cm^2^ for 10 s) indicates siRNA release and RNAi from modular HGN-LD-RP. Cell viability is expressed relative to untreated cells (cell only).](nl-2014-00214e_0005){#fig5}

In summary, we have successfully developed two modular plasmonic siRNA nanocarriers coupled to hollow gold nanoshells for RNAi-mediated gene knockdown. The construct is engineered to specifically target cancer cells using the RPARPAR ligand against overexpressed NRP-1 receptor on the PPC-1 prostate cancer cell surface to promote cell internalization via endocytosis. The siRNA is released from the HGN and the endosome by femtosecond pulses of near-infrared light at 800 nm; the light energy is converted into heat, which thermalizes the thiol bonds holding the siRNA to the HGN, followed by vapor bubble formation that ruptures the endosomes without damaging the siRNA or the cell. This combination can provide cargo delivery with cellular level resolution at the desired time^[@ref11],[@ref42]^ with ten times less siRNA than techniques with comparable transfection efficiency. Our results show minimum off-target toxicity as evidenced by the lack of cell viability changes with RWPE-1, which does not express NRP-1. Control of laser irradiation provides an additional targeting effect, as PPC-1 cells were also unaffected in the absence of laser treatment. Our approach shows high selectivity and RNAi delivery with high efficiency, versatility, and reduced cost. In particular, the modular design we introduce here provides a basis for future applications requiring only the annealing of unmodified siRNA precursor to previously prepared and generic HGN-DNA carriers. The combination of NIR laser-based release and endosomal escape, targeting peptide induced cell-specific internalization, and a versatile siRNA loading strategy substantially improves on our ability to use nanoparticles to target RNAi to specific cell types and even individual cells and furthers the possibility of using modular constructs for RNAi screening assays and for in vivo cancer therapy.

Materials and methods, particle characterization, and laser power and particle dosage optimization. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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